ABSTRACT Toll-like receptors (TLRs) are pattern recognition receptors that are vital for the recognition of pathogen-associated molecular patterns. TLR5 is responsible for the recognition of bacterial flagellin to induce the NF-κB activation and innate immune responses. In this study, we cloned and identified the TLR5 gene from the King pigeon (Columba livia) designated as PiTLR5. Full-length PiTLR5 cDNA (2583 bp) encoded an 860-amino acid protein containing a signal peptide sequence, 10 leucine-rich repeat domains, a leucine-rich repeat C-terminal domain, a transmembrane domain, and an intracellular Toll-interleukin-1 receptor domain. Pigeon TLR5 mRNA expression was quantified by performing quantitative real-time PCR (qRT-PCR), which showed that PiTLR5 was broadly expressed in all examined tissues, with the highest expression in the liver, peripheral blood mononuclear cells, and spleen. PiTLR5-mediated innate immune responses were measured by determining its effects on NF-κB activation and cytokine expression. The results showed that HEK293T cells transfected with PiTLR5 robustly activated the NF-κB response to flagellin, but not other TLR stimuli, and induced significant upregulation of IL-1β, IL-8, TNF-α, and IFN-γ, indicating that PiTLR5 is a functional TLR5 homolog. Additionally, following flagellin stimulation of pigeon splenic lymphocytes, the levels of TLR5, NF-κB, IL-6, IL-8, CCL5, and IFN-γ mRNA, assessed using qRT-PCR, were significantly upregulated. Besides, TLR5 knockdown resulted in the significantly downregulated expression of NF-κB and related cytokines/chemokines. Triggering pigeon TLR5 contributes to significant upregulation of inflammatory cytokines and chemokines, suggesting that pigeon TLR5 plays an important role in the innate immune responses.
INTRODUCTION
Toll-like receptors (TLRs) are a large family of pattern recognition receptors, which are the major cell-surface initiators of innate immune responses to invading pathogens by detecting their evolutionarily conserved pathogen-associated molecular patterns (PAMPs) (Aderem and Ulevitch, 2000; Bell et al., 2003) . To date, 13 TLRs have been identified in mammals and 10 have been found in avians, including the chicken, goose, and duck (Kaiser, 2010; Fang et al., 2012; Xiong et al., 2014) .
TLRs comprise a family of type I transmembrane receptors (Hashimoto et al., 1988) , which are composed of a signal peptide, extracellular leucine-rich repeats (LRRs), a C-terminal capping region overlapping the last LRR (LRR-CT), a transmembrane domain, and a cytoplasmic Toll/interleukin-1 receptor (TIR) signaling domain (Medzhitov, 2001; Matsushima et al., 2007) . The extracellular LRR region is responsible for the ligand recognition, whereas a cytoplasmic TIR domain is necessary for binding adaptor molecules involved 4031 in TLR signal transduction (Xu et al., 2000; Akira et al., 2006; Häcker et al., 2006) . Recognition of PAMPs by TLRs rapidly triggers an array of antimicrobial immune responses through the induction of various inflammatory cytokines, chemokines, and type I interferons (Kumar et al., 2011) .
Flagellin from Gram-negative bacteria involves a direct interaction with LRRs in TLR5 (Mizel et al., 2003) and activates a range of inflammatory cells via a TLR5-dependent signaling pathway (Hayashi et al., 2001; Mizel and Snipes, 2002) . Activation of signal transduction pathways by TLR5, such as the nuclear factor κB (NF-κB) pathway, leads to the expression of various immune-related genes that function in host defense (Feuillet et al., 2006) . TLR5-deficient mice lack the flagellin-induced pulmonary inflammatory responses and are more susceptible to Escherichia coli infection of the urinary tract (Feuillet et al., 2006; Andersen-Nissen et al., 2007) . Goose TLR5 can recognize flagellin and induce upregulation of NF-κB in transfected HEK293 cells (Fang et al., 2012) . The TLR5 R392 * mutant protein functions as a dominant-negative receptor that severely impairs TLR5-mediated signaling and is associated with susceptibility to pneumonia (Hawn et al., 2003) . Collectively, these data indicate that TLR5 plays a role in innate immune responses in mammals, chickens, and geese. However, in other avians, such as pigeon, TLR5 has not yet been cloned and its function has not been reported.
In this study, we cloned and analyzed the pigeon (Columba livia) TLR5 sequence, quantified its expression in various tissues, and evaluated its immune function in response to flagellin. Pigeon TLR5 could mediate the activation of NF-κB, and induce the expression of inflammatory cytokines and chemokines in flagellinstimulated splenocytes. These data expand our knowledge of the relationship between TLR5 and the innate immunity in avians, including pigeon, chicken, goose, and other species.
MATERIALS AND METHODS

Molecular Cloning of Pigeon TLR5
King pigeons (Columba livia) were purchased from Jiangyin Wei Tekai Pigeon Co. (Wuxi, China), housed in isolators, and fed with a pathogen-free diet and water. The procedures described in this study were approved by the Committee on the Ethics of Animal Experiments of Yangzhou University (Approval ID: SYXK [Su] 2012-0029). As TLR5 consists of a single exon in mammalian and birds (Iqbal et al., 2005b; Fang et al., 2012) ; therefore, its open reading frame (ORF) could be cloned from the genomic DNA from pigeon tissues. Genomic DNA was extracted from the whole blood of the pigeon using a Universal Genomic DNA Extraction Kit Ver. 3.0 (Takara, Dalian, China) according to the manufacturer's instructions. To clone the pigeon TLR5 gene, primer pairs covering the entire ORF were designed based on the predicted pigeon TLR5 nucleotide (GenBank ID: XM 02, 129, 9623) and the well-conserved upstream and downstream sequences of TLR5 from chicken (Gallus gallus; GenBank ID: HM747028) and white goose (Anser anser; GenBank ID: JN641303). PCR was performed using the designed primers (Table 1 ) and pigeon genomic DNA as a template. PCR was carried out using a Bio-Rad PCR Thermal Cycler in 50 μL reaction volume consisting of 1.25 U of PrimeS-TAR Hot Start (HS) DNA Polymerase (Takara), 200 ng of genomic DNA, 1× PrimeSTAR Buffer (Mg 2+ plus), 4 μL of 2.5 mM dNTPs, and 0.2 μM of forward and reverse primers. The PCR cycle profile was performed as follows: initial denaturation at 98
• C for 5 min, followed by 30 cycles of denaturation at 98
• C for 10 s, annealing at 60
• C for 15 s, elongation at 72 • C for 3 min, and final elongation at 72
• C for 10 min. The PCR products were analyzed by electrophoresis on 1% agarose gel. The amplified PCR product was purified, cloned into pCR2.1-T with a TA Cloning Kit (Invitrogen, CA, USA), and sequenced by Genscript (Nanjing, China).
Bioinformatics Analysis
The nucleotide and deduced amino acid sequences of pigeon TLR5 were analyzed using DNAstar software. Simple Modular Architecture Research Tool (SMART; http://smart.embl-heidelberg.de) was used to predict the protein domain structures of pigeon TLR5. TLR5 sequences from different species were compared by the NCBI BLAST search program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Amino acid sequences of human, mouse, chicken, duck, and pigeon were compared by performing multiple sequence alignment with ClustalW (http://www.ebi.ac.uk/clustalw/), and edited with the Genedoc program. Phylogenetic tree was constructed using neighbor-joining method with MEGA 5.1 software using a Poisson correction model with 1000 bootstrap replicates.
Tissue Expression Pattern of Pigeon TLR5
In order to determine the pigeon TLR5 transcriptional distribution among the different tissues, total RNA was extracted from spleen, liver, lung, kidney, heart, small intestine, large intestine, cecum, brain, peripheral blood mononuclear cells (PBMCs), and bone of King pigeons using a total RNeasy Plus Mini kit (Qiagen, Hilden, Germany), and cDNA was synthesized from mRNA using a PrimeScrip RT reagent Kit (Takara) according to the manufacturer's instructions. The concentration and purity of the extracted cDNA were measured using a NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, USA), and cDNA was subsequently stored at -80
• C until use. Distribution of pigeon TLR5 mRNA in the tissues was analyzed by performing quantitative real-time PCR (qRT-PCR) with primers PiTLR5-F and PiTLR5-R with the endogenous control of pigeon β-actin (Table 1) . The underlined parts in exPiTLR5 F/R represent the introduced SalI and XhoI restriction enzyme sites.
DNA Construct
The plasmid pCR2.1-PiTLR5, containing the fulllength of pigeon TLR5 ORF, was digested with SalI and XhoI (Takara) and then subcloned into the eukaryotic expression vector pCMV-Myc (Takara) predigested with the same enzymes. The resulting construct was designated as pCMV-Myc-PiTLR5.
Cell Culture, Transfection, and Stimulation
HEK293T cells were grown in 24-well tissue culture plates in DMEM supplemented with 10% fetal bovine serum (FBS) at 37
• C in an atmosphere of 5% CO 2 . After incubation for 12-24 h until 70% confluence was reached, cells were washed with PBS before transfection, and then the medium was replaced with Opti-MEM (Gibco, Carlsbad, CA, USA) medium. Transient transfection was performed with Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. The NF-kB reporter plasmid pGL4.32[luc2P/NF-κB-RE/Hygro] (Promega, Madison, WI, USA) was used in the NF-κB luciferase assay, which contains 5 copies of an NF-κB response element (NF-κB-RE) that drives transcription of the luciferase reporter gene luc2P. Equal amounts of DNA constructs, including pCMV-Myc-PiTLR5 or pCMV-Myc, and 200 ng of reporter plasmid DNA were transfected into HEK293T cells. After transfection for 24 h, cells were harvested for western blotting to verify the expression of pigeon TLR5, or stimulated with different TLR ligands (Invivogen, San Diego, CA, USA) following the manufacturer's instructions, including Pam3CSK4 (1 μg/mL), Poly(I: C) (2.5 μg/mL), LPS (100 ng/mL), flagellin (100 ng/mL), R848 (2.5 μg/mL), or CpG (2 μM), respectively. After stimulation for 5 h, cells were harvested for subsequent NF-κB luciferase assay. For PiTLR5-mediated activation of innate immune responses, cells were stimulated with flagellin (100 ng/mL) for 5 h, and harvested to quantify the cytokine expression by qRT-PCR.
Western Blotting
Cells were lysed in 2× Laemmli buffer (Sigma, St. Louis, MO, USA), and the lysates were separated in 12% Tris/glicine SDS gel and transferred to a nitrocellulose membrane. The membranes were blocked with blocking buffer (1% BSA and 0.05% Tween-20 in PBS) at room temperature for 2 h, and probed with a monoclonal antibody against the Myc tag (1:2000 diluted in blocking buffer, Sigma) at 4
• C overnight. After washing 4 times with PBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:5000 diluted in blocking buffer, Calbiochem, San Diego, CA, USA) at 37
• C for 1 h. Images were acquired with ECL chemiluminescence substrate (Thermo Scientific) using Amersham Imager 600 Imaging System (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
Luciferase Assay
Luciferase assays were performed using the BrightGlo Luciferase Assay System (Promega) according to the manufacturer's instructions. Cells were cotransfected with the NF-κB luciferase reporter and the pCMV-Myc-PiTLR5 plasmid. The firefly luciferase levels were measured and NF-κB fold inductions were calculated by comparison to the unstimulated cells.
Synthesis of Small Interfering RNA
Based on the sequence of pigeon TLR5, small interfering RNA (siRNA) was synthesized from Invitrogen. The siRNAs used were TLR5-siRNA (siTLR5, 5 -GGCUAGCAAGAAGUGAUCUUCAUUU-3 ), and the negative control-siRNA (siCtrl, 5 -CAAUCGUGAUCAUGUUACGUCAGAA-3 ).
Preparation and Stimulation of Pigeon Splenocytes
Pigeon splenocytes were isolated from the spleen of the King pigeon via density gradient centrifugation by using Lymphoprep (specific gravity 1.077; Sigma) according to the manufacturer's instructions. Splenocytes were suspended and cultured in 24-well microtiter plates filled with complete Roswell Park Memorial Institute 1640 medium containing 10% FBS and 1% penicillin-streptomycin/L-glutamine (Gibco) at a final concentration of 2 × 10 6 cells/mL. After plating, cells were incubated at 41
• C overnight and then washed with PBS to remove non-adherent cells. Cells were either not transfected or transfected with siRNA (30 nM) using Lipofectamine RNAiMAX transfection reagent (Invitrogen), respectively, and then stimulated with the TLR5 agonist flagellin at the concentration of 100 ng/mL. After incubation for either 12 or 24 h, cells were harvested for RNA extraction. The expression levels of cytokines and chemokines by cells were evaluated via qRT-PCR.
RNA Extraction and qRT-PCR
Total mRNA and cDNA preparations of HEK293T cells and splenic lymphocytes were performed as described above and previously (Xiong et al., 2015) . qRT-PCR was performed to detect the mRNA expression levels of cytokines and chemokines using the ABI 7500 instrument (Applied Biosystems, Foster, CA, USA) and Fsu SYBR Green Master (Roche, Indianapolis, IN, USA). Sequences of primers used for qRT-PCR are shown in Table 1 . Amplification was performed in a total volume of 20 μL containing 10 μL of 2× Fsu SYBR Green Master, 2 μL of the diluted cDNA (40 ng/μL), and 0.6 μL of each primer. The real-time PCR program was performed using the following temperature profile: 1 cycle of denaturing at 95
• C for 30 s, 40 cycles of 95
• C for 5 s, and 60
• C for 34 s. Dissociation analysis of amplifications was conducted to confirm that only one PCR product was amplified. Data were calculated using the 2 −ΔΔCT approach and reported as values normalized to the expression level of the housekeeping gene β-actin.
Statistical Analysis
Statistical analysis was performed by Student's t-test with Instat version 5.0 (GraphPad Software, San Diego, CA, USA). Significance differences between groups were determined at * P < 0.05, * * P < 0.01, * * * P < 0.001. For the pigeon TLR5 transcription levels between various tissues, different lowercase letters indicated the significant difference (P < 0.05).
RESULTS
Molecular Characteristics of Pigeon TLR5 Gene
Full-length pigeon (Columba livia) TLR5 gene was successfully cloned from pigeon genomic DNA. Sequencing results showed that pigeon TLR5 contains an ORF of 2583 bp encoding a protein of 860 amino acids. The sequence was submitted to GenBank and assigned the accession numbers KM086723. The deduced amino acid sequence of the pigeon TLR5 was aligned with sequences from human, mouse, chicken, and duck using ClustalW. A multiple sequence alignment illustrated that the amino acid sequences of pigeon TLR5 shared 51.9% identity with human, 50.5% with mouse, 83.8% with chicken, and 80.2% with duck ( Figure 1A) . Prediction of protein domains by SMART revealed that pigeon TLR5 amino acid sequence consisted of a signal peptide encompassing the N-terminal 20 amino acid residues, 10 LRR domains including 3 LRR˙TYP, a LRR-CT domain, a transmembrane domain, and a 158-amino acid TIR domain at residues 693-850 in the C-terminus ( Figure 1B ).
Sequence Analysis of Pigeon TLR5
In order to reveal the molecular evolutionary relationship of pigeon TLR5 with others, a phylogenetic tree based on the amino acid sequences was constructed using the neighbor-joining method. The resulting phylogenetic tree, consisting of 16 protein sequences, was composed of 3 major branches (Figure 2 Hu, Mo, Ch, Du, and Pi are short for human, mouse, chicken, duck, and pigeon (Columba livia), respectively. Sequences were aligned using ClustalW and edited using Genedoc. In the pigeon sequence, the predicted signal peptide and leucine-rich repeat C-terminal (LRR-CT) domain are underlined. The double continuous lines denote leucine-rich repeats, the single continuous line indicates a transmembrane domain, and the dotted line represents the TIR domain. Shading was performed using the conserved mode (black shading for conserved residues and light gray shading for similar residues). (B) Putative domains of pigeon TLR5 based on the structure-predicting software SMART. Pigeon TLR5 consists of a signal peptide, 10 LRR domains including 3 LRR TYP, a LRR-CT domain, a transmembrane domain, and a 158-amino acid TIR domain in the C-terminus. GenBank accession numbers for the aligned sequences: pigeon (Columba livia) AIK67343, chicken ACR26254, duck AGR50898, human NP 0,03259, and mouse NP 05,8624. related, as expected. The observed relationships within the clusters based on TLR5 reflected the taxonomic positions of these species.
Expression Distribution of Pigeon TLR5 mRNA in Different Tissues
To analyze the TLR5 tissue distribution, qRT-PCR was performed to determine the pigeon TLR5 mRNA expression in the examined tissues. As shown in Figure 3 , the pigeon TLR5 gene was highly expressed in the spleen, PBMCs, and liver; moderately expressed in the kidney, cecum, and heart; and minimally expressed in the small intestine, lung, brain, large intestine, and bone.
Immunoblotting
To verify the expression of TLR5 in HEK293T cells transfected with pCMV-Myc-PiTLR5 plasmid, an antiMyc tag monoclonal antibody was used in western blotting. The result showed that pigeon TLR5 was successfully expressed in PiTLR5-transfected cells with the presence of a 98 kDa protein band (Figure 4) . The expression distribution of pigeon TLR5 in different tissues conducted by qRT-PCR. Total RNA was extracted from different tissues of the pigeons (Columba livia) and reverse transcribed to cDNA. The expression levels of pigeon TLR5 were determined by qRT-PCR. β-actin was served as the internal reference. The data were shown as (mean ± SEM) of 3 replicates. Different lowercase letters indicated the significant difference (P < 0.05).
Pigeon TLR5-mediated Activation of NF-κB and Cytokines
To evaluate the innate immune responses of pigeon TLR5 to flagellin, the NF-κB activation induced by (1 μg/mL), Poly(I: C) (2.5 μg/mL), LPS (100 ng/mL), flagellin (100 ng/mL), R848 (2.5 μg/mL), or CpG (2 μM), and NF-κB luciferase activity was measured after stimulation for 5 h. Data represent the mean ± SEM of 3 independent experiments. * * P < 0.01.
flagellin was determined. Pigeon TLR5 ORF was cloned into the pCMV-Myc expression vector and transfected into HEK293T cells. NF-κB-induced luciferase activity was then assayed following stimulation with different TLR ligands for 5 h. As shown in Figure 5 , the induction level of NF-κB activity in TLR5-transfected cells after flagellin stimulation was 21-fold higher than that of cells transfected with empty vector control (P < 0.01). However, other TLR ligands had no effects on pigeon TLR5-mediated NF-κB activation. Furthermore, pigeon TLR5-mediated cytokine expression was also determined following flagellin stimulation. The results showed that flagellin induced significantly upregulation of IL-1β (6.9-fold, P < 0.01), IL-8 (9.4-fold, P < 0.001), TNF-α (4.2-fold, P < 0.01), and IFN-γ (3.5-fold, P < 0.05) in PiTLR5-transfected cells compared with the control (Figure 6 ). * P < 0.05, * * P < 0.01, * * * P < 0.001.
Induction of Inflammatory Cytokines and Chemokines in flagellin-stimulated Splenocytes
To determine the effects of flagellin on pigeon splenocytes, the expression of TLR5, NF-κB, the inflammatory cytokines and chemokines following flagellin stimulation was analyzed. The results showed that the expression of TLR5 and NF-κB increased significantly, especially after 24 h following flagellin stimulation. The inflammatory cytokine IL-6 increased 2.6-and 4.9-fold at 12 and 24 h post injection (h.p.i.), respectively, compared with medium-treated controls. The expression of chemokine IL-8 showed about 4-fold increase at both time points, and CCL5 showed a 2.4-fold upregulation at 12 h.p.i., followed by an increase at 24 h.p.i. (4.3-fold). The IFN-γ expression was significantly upregulated at 12 h.p.i. (9.3-fold) and then decreased at 24 h.p.i. (3.7-fold) . Furthermore, the siRNA interfering assay showed that pigeon TLR5 mRNA levels were downregulated efficiently at both 12 and 24 h by siTLR5 as compared with that in the siCtrl group. TLR5 knockdown also resulted in the significant downregulation of NF-κB and other related cytokines/chemokines (Figure 7 ).
DISCUSSION
TLRs are the key components of the innate immune system and play a critical role by triggering downstream signaling cascades to initiate immune responses against invading pathogens (Schnare et al., 2001) . In contrast to mammalian TLR5 orthologs, little is known about the sequence and biological function of avian TLR5. The demonstrated response of chicken and goose TLR5 to flagellin implicates a similar role for avian TLR5 homologs in the immune response of birds (Iqbal et al., 2005b; Fang et al., 2012) .
In this study, we cloned the pigeon TLR5 gene, same as mammalian TLR5, which mainly consists of Figure 7 . Levels of TLR5 (A), NF-κB (B), IL-6 (C), IL-8 (D), CCL5 (E), and IFN-γ (F) mRNAs in pigeon splenocytes following flagellin stimulation. Pigeon splenocytes were isolated from the spleens of healthy King pigeons. Cells were either not transfected or transfected with siRNA (30 nM) using Lipofectamine RNAiMAX transfection reagent, respectively, and then stimulated with a TLR5 agonist flagellin for 12 and 24 h, respectively. The mRNA expression levels were determined by qRT-PCR. Data represent the mean ± SEM of 3 independent experiments. * P < 0.05, * * P < 0.01. extracellular LRRs, a transmembrane and an intracellular TIR domain. LRRs are found in a diverse set of proteins in which they are involved in ligand recognition and signal transduction (Kobe and Kajava, 2001) . The structures of LRRs in TLRs are speculated to mediate recognition of specific PAMPs (Liu et al., 2008) . The gene expression pattern of TLR5 in pigeon tissues was assessed in this study. TLR5 was expressed in all tissues examined, although the expression levels varied (Figure 3 ). This is consistent with the finding that chicken TLR5 is expressed in a broad range of tissues and cell types (Iqbal et al., 2005a, b) . In this study, high expression levels of pigeon TLR5 mRNA were observed in spleen, PBMCs and liver, whereas the weaker expression was observed in other tissues. The expression profile of pigeon TLR5 differs from that of chicken TLR5, where high expression was observed in the lungs, thymus, and liver (S lawińska et al., 2013) . These findings illustrate species-based differences in the tissue distribution of TLR5 expression. These results imply that the pigeon TLR5 is predominantly expressed in the main immune-related tissues. We can infer that the high expression of pigeon TLR5 in the spleen may be attributed to its importance in the host immunity, since spleen tissues show wide prevalence of the macrophages, dendritic cells, T cells, and B cells (St Paul et al., 2011) .
Upon activation, TLRs induced MyD88-dependent NF-kB activation, leading to the production of proinflammatory cytokines or chemokines (Takeda et al., 2003) . To evaluate the specific response of pigeon TLR5 to flagellin, we determined the effect of flagellin stimulation on NF-κB activity. After stimulation with flagellin, NF-κB-induced luciferase activity in pigeon TLR5-transfected HEK293T cells was significantly higher than that of cells transfected with an empty vector control, indicating that PiTLR5 is a functional TLR5 homolog. However, pigeon TLR5 could not be activated by other TLR ligands, showing the specific recognition of particular PAMP. Our results suggest that pigeon TLR5 is a pathogen receptor that plays a role in the recognition of flagellin.
Following flagellin stimulation of pigeon splenocytes, the expression levels of the inflammatory cytokines and chemokines were significantly upregulated, and TLR5 knockdown resulted in the significantly downregulated expression of NF-κB and related cytokines/chemokines, suggesting pigeon TLR5 plays an important role in the innate immune responses (Figure 7) . Exposure of chicken TLR5 + cells to flagellin induced upregulation of chicken IL-1β, and an aflagellar Salmonella typhimurium mutant exhibited an enhanced ability to establish systemic infection (Iqbal et al., 2005b) . Additional studies to dissect the functional differences and intracellular mechanism between different TLR5 may provide deeper insights into the structure and biological function of pigeon TLR5.
In summary, a full-length TLR5 was cloned and identified from the King pigeon (Columba livia), which covered 2583 bp encoding 860 amino acids. We characterized its protein domains and determined that its mRNA is predominantly expressed in the immune-related tissues. We also investigated the function of pigeon TLR5 in response to the agonist, and found flagellin stimulation resulted in the robust activation of NF-κB, and induced significant upregulation of inflammatory cytokines and chemokines, suggesting that pigeon TLR5 plays an important role in the innate immune responses. These results provide a foundation for performing further studies to determine the mechanism underlying the immune-activating effect of pigeon TLR5 at the cellular level, which will benefit research into the innate immune response of avian species.
